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I. INTRODUCTION
A T PRESENT, intensive work is underway to develop a TeV electron-positron collider in the framework of international cooperation on the creation of the Compact Linear Collider (CLIC) [1] . The CLIC accelerating structure, made of copper, operates in the X-band at 11.994 GHz. The duration of the electromagnetic pulse is 200 ns. In a system of this type, the particle-accelerating field strength is limited by a vacuum breakdown, which may occur over the surface of the accelerating structure. The breakdown is accompanied by a sharp increase in the emission current from the structure surface, which may reach tens or even hundreds of amperes. As this takes place, a portion of the electromagnetic wave power is absorbed. This is the socalled missing power (missing energy) effect. Obviously, if the wave loses power, the rate of particle acceleration decreases. In addition, the breakdown causes erosion of the walls of the accelerating structure and, hence, impairs its long-term performance. The maximum accelerating field achieved by now is 100 MV/m. In this case, the macroscopic electric field at the surface of the accelerating structure may be as high as over 200 MV/m [2] .
The initiating mechanism of vacuum breakdown in RF accelerating structures is the subject of studies aimed at improving the stability of operation of the structures and at seeking ways to enhance the accelerating electric field. These studies have been carried out since the development of the linear collider; however, the mechanism of vacuum breakdown in the CLIC accelerating structures still remains obscure [2] .
Mesyats [3] proposed an explosive emission mechanism for the initiation of a vacuum breakdown between electrodes subject to the action of microwave fields. According to this mechanism, the resistive heating of cathode microprotrusions by a high-density field emission current during the negative half-wave of the cathode voltage results in explosive destruction of the microprotrusions. This is followed by the transition of the cathode material to a plasma state, and the plasma expands with high velocity (∼10 km/s) into the electrode gap. The plasma expansion is accompanied by a sharp increase in the current emitted from the plasma boundary. The escape of electrons from the plasma boundary is compensated by the electron emission from the cathode.
A numerical simulation of the heating of a conical microprotrusion by emission current, performed in a two-temperature (electrons and phonons) statement taking into account the Nottingham effect, has shown that the microprotrusion, when exposed to gigahertz electromagnetic waves, can be heated to the melting point within tens of nanoseconds if the amplitude of the electric field at the microprotrusion is ∼10 GV/m [4] . A considerable weakness of this model, besides the fact that it provides only 1-D simulation of the microprotrusion heating process, is that it does not take into account the nonuniform distribution of the emission current over the microprotrusion surface and the space charge of the emitted electrons. This 0093-3813 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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substantially limits the range of electric field strengths at the microprotrusion at which it can be heated to the melting point. These shortcomings are eliminated in a model that simulates the heating of cathode microprotrusions exposed to an RF electromagnetic field [5] . This 2-D, the two-temperature self-consistent model describes the heating of a needle-shaped protrusion with account of the space charge of the electrons emitted from the cathode. According to the calculations performed using this model, the time in which the microprotrusion tip is heated to a critical temperature monotonically increases with decreasing the factor of enhancement of the electric field at the microprotrusion.
This paper presents an investigation of the next stage of an RF vacuum breakdown, namely, the heating of the microprotrusion and its destruction by the current of explosive electron emission.
Besides the sharp increase in emission current during an RF breakdown, there is another supporting evidence for the explosive emission mechanism of this type of breakdown, namely: the craters formed on the accelerating structure walls subject to RF breakdowns are very similar in appearance to craters which are formed on a surface as a result of a dc breakdown. Breakdowns of both types result in the formation of micrometer-size craters on the electrode surface.
In addition, this paper presents the results of a comparative analysis of the microprotrusion explosions in an RF and in a dc field and the results of a numerical simulation of the formation of a crater after the explosion of a surface microprotrusion performed for both types of field. This paper is arranged as follows. First, the model used to numerically simulate the explosion of a microprotrusion is described. Next, the values of the specific current action integral are compared for cathode microprotrusions and for wires exploding under the action of RF and dc fields, and the effect of the loss in power of the incident electromagnetic wave in a vacuum breakdown is analyzed. This is followed by a discussion of the results of the numerical simulation of the crater formation on a cathode as a result of the explosion of a microprotrusion.
II. MODEL USED TO CALCULATE THE PARAMETERS OF THE ELECTRICAL EXPLOSION OF
A CATHODE MICROPROTRUSION In the study presented here, the JULIA magnetohydrodynamic (MHD) code [6] was used. Earlier, we used this code to simulate the explosion of a cathode microprotrusion under the action of a dc explosive emission current [7] , [8] . The system of MHD equations that were solved using the code consisted of the hydrodynamics equations that describe the laws of conservation of mass, momentum, and energy ∂ρ ∂t
Maxwell's equations written in a quasi-stationary approximation (with no account of displacement currents)
and Ohm's law
where ρ is the density of the electrode material and v is the velocity of its expansion; p, ε, and T are the material pressure, internal energy, and temperature, respectively; H is the magnetic field and E is the electric field in the microprotrusionfixed coordinate system; j is the current density; λ is the thermal conductivity, and σ is the electrical conductivity.
The method employed to solve (1)- (5) is described in detail in [6] - [8] . The semiempirical wide-range equations of state [9] used in the calculations allow one to investigate the behavior of a material in any state (solid, liquid, gas, or plasma). The electrical characteristics and thermal conductivity of the microprotrusion metal were calculated using tabulated data on the conductivity of copper [10] .
The problem was stated as follows: it was assumed that explosive electron emission had already been initiated, that is, the microprotrusion tip heated by the thermal field emission current had changed to a plasma state [5] , while the microprotrusion bulk remained in a solid state. It was this part of the microprotrusion for which the characteristics of the heating and explosion induced by the explosive emission current, which are determined by the parameters of the external circuit, were calculated. The cathode-microprotrusion system was treated as if it were a circuit element, and the voltage balance equation for the circuit was written as
where U out (t) is the external source voltage (which, for the dc current case, was assumed to increase to U 0 = 3200 V in 0.1 ns and then remain constant), R out is the external resistance (which was set equal to 1000 ), and U load (t) is the voltage across the load (cathode-microprotrusion system).
To calculate the parameters of a microprotrusion heated by an RF current, the circuit voltage was specified as
where ω = 2πν with the frequency ν (which was set equal to 12 GHz).
The value of the current I (t) was used for the boundary condition in solving Maxwell's equations (4) . For the case of alternating current, the current amplitude I 0 was set equal to 3.2 A, and the same value was used for the case of direct current. Individual cathode spot cells carrying a current of several amperes were detected in studies of spark and arc discharges in vacuum [11] , [12] . The average current per cathode spot cell equal to 3.2 A for a copper cathode was obtained by Kesaev [13] who statistically processed a large body of experimental data on the initiation and self-sustaining of vacuum arcs [12] . Our calculations have shown that a variation in the current in the range 2-6 A did not change the results qualitatively. Therefore, for definiteness, the calculations presented below were performed for the above-mentioned current value. The microprotrusion was considered to have the shape of a cylinder of radius r 0 = 0.3 μm and length h = 1μm and to be located on the surface of a plane copper cathode. These dimensions of cathode microprotrusions are typical for the initiation of explosive electron emission [11] , [12] . The microprotrusion and the cathode plane are marked with white dashed lines in Figs. 2 and 5-7 . The computational domain was limited to 2 μm on the Z -axis and to 3.5 μm on the radius r .
III. SPECIFIC CURRENT ACTION INTEGRAL FOR A DC AND AN RF VACUUM BREAKDOWN
The electrical explosion of a cathode microprotrusion is similar in many respects to that of a thin metal wire. The main mechanism of heat release in a microprotrusion (thin wire) is its resistive heating by a high-density current, resulting in an explosive metal-to-plasma transition. An important characteristic of a wire explosion is the specific current action integral [14] , from which the wire explosion time can be estimated. An expression for the specific current actionh can be derived from the energy conservation law (3). Neglecting the wire expansion, we obtain from (3)
The integral on the right in (8) is taken along the phase trajectory C corresponding to the transformation of the wire metal during the explosion. As the phase trajectory is almost independent of the explosion mode [15] , the specific action integral depends slightly on the density of the current flowing through the wire, that is, it is a characteristic of a given metal [16] , [17] . This is the key parameter in the model of explosive electron emission and in the Ecton model of the cathode spot of a vacuum arc [11] , [12] , [18] . The values ofh used in these models are taken from wire explosion experiments performed under well-controlled conditions. Next, we will estimate the extent to which the use of these values is appropriate for typical conditions under which explosive electron emission is initiated during the explosion of cathode microprotrusions, including in the case of vacuum breakdown. Fig. 1 shows the electrode gap voltage for a dc (curve 1) and a high-frequency circuit voltage (curve 2). The peaks in the voltage waveforms correspond to the microprotrusion explosion. As the microprotrusion explodes, its material passes from a solid state to a plasma state, and its electrical resistance sharply increases. It is clear that in the case of a high-frequency circuit voltage, the explosion occurs at a later time because of a lower heating rate.
The plots shown in Fig. 1 allow us to evaluate the current action integrals for cathode microprotrusions exploding at a dc and a high-frequency circuit voltage. For a dc circuit voltage, we haveh = j 2 0 τ 0 ≈ 3.1 · 10 9 A 2 · s/cm 4 , where τ 0 ≈ 2.6 ns is the time delay to the explosion and j 0 = I 0 /(πr 0 ) 2 . For a high-frequency circuit voltage, we have I = I 0 sin ωt; hence, in view of (8),h = j 2 0 τ /4. Consequently, in order that the current action integral for a high-frequency circuit voltage be the same value as that for a dc circuit voltage, τ must be four times greater than τ 0 , and this is just the case in Fig. 1 . Thus, according to the calculations, the current action integral remains unchanged in going from a dc to a highfrequency circuit voltage. In fact, this suggests that the heat removed from a microprotrusion to the bulk electrode changes insignificantly when the time delay to the microprotrusion explosion increases fourfold. This is illustrated in Fig. 2 from which we can see that the exploding microprotrusion is heated intensely, whereas the increase in temperature of the electrode material adjacent to the microprotrusion is insignificant.
The plots shown in Fig. 1 allow us to analyze the origin of the missing power effect that occurs during a vacuum breakdown developing along the surface of the accelerating structure in the CLIC. As the incident electromagnetic wave is the only source of the energy released in the microprotrusion on heating, the power lost by the wave increases monotonically with the temperature (and, hence, the resistance) of the microprotrusion. The lost power is a maximum at the time of the microprotrusion explosion. In the postexplosion phase, the power lost immediately in the explosion zone stabilizes at about 10 W/μm. Here, it should be noted that the range of applicability of the model under consideration is limited to a time interval of several nanoseconds, following the microprotrusion explosion, during which the currentcarrying metal-plasma interface remains unbroken. In addition, the model does not consider the processes that occur at the boundary of the expanding plasma upon its interaction with the incident electromagnetic wave. It was shown in [19] that the energy of the electromagnetic wave can be absorbed by the electrons emitted from the plasma boundary. This process is highly intensified when the space charge of the electrons becomes neutralized by the ion flow from the explosive emission plasma.
As mentioned above, in the explosive (Ecton) model of the cathode spot of a vacuum discharge, the values of the parameterh estimated for exploding wires are used. The results obtained for the explosion of a cathode microprotrusion are different from the simulation results for the explosion of a thin wire plotted in Fig. 3 . As can be seen from the plots, the time delay to the wire explosion at a high-frequency circuit voltage is only three times greater than that for a dc circuit voltage (1.9 and 6 ns, respectively). This is due to the fact that the energy deposited in a wire carrying a high-frequency current is substantially lower than that for a wire carrying a direct current, being, however, greater than the sublimation energy (Fig. 4) . The numerical simulation has demonstrated that the additional expansion of the metal (which is absent at a direct current) results in the formation of a rapidly expanding low-density plasma in which a shunting discharge occurs. The shunting discharge is responsible for the fact that the current action integral for an exploding thin wire is smaller than that for an exploding cathode microprotrusion. For explosion delay times of several nanoseconds,h = 2.4·10 9 A 2 ·s/cm 4 obtained in the calculations for a dc circuit voltage is rather close to that obtained for the explosion of a cathode microprotrusion. Hence, it may well be used in analyzing experimental data on the explosive emission processes in vacuum discharges.
IV. DISCUSSION OF THE SIMULATION RESULTS ON CRATER FORMATION
The simulation results for cathode microprotrusions exploding at a dc and a high-frequency circuit voltage are shown in Figs. 5-7. The respective density distributions in the explosion phase are shown in Fig. 5 .
As mentioned above, in the case of a high-frequency circuit voltage, the explosion occurs at a later time because of a lower heating rate. The simulation has demonstrated that this is the main difference between the considered cases of different types of circuit voltage under which the electrical explosion of a cathode microprotrusion occurs. In all other respects, the explosion of a microprotrusion and its subsequent destruction proceed identically in both the cases. The microprotrusion explosion under the action of electric current results in the production of a well-conducting high-density cathode plasma whose temperature reaches ∼10 eV (see Fig. 2 ). As this takes place, a region of elevated pressure, which can reach several hundreds of kilobars, arises near the cathode surface (Fig. 6 ). In the postexplosion phase, the surface is heated mainly by the heat flow from the plasma formed a result of the microprotrusion explosion. Therefore, the formation of a microcrater (see Fig. 7 ) follows the same pattern irrespective of the type of current (high-frequency alternating or direct). As the surface is heated, the melt zone increases and, simultaneously, the liquid metal is expelled from it under the action of the plasma pressure. Eventually, a micrometer-radius crater is formed on the cathode surface (see Fig. 7 ).
The crater formation process is most intense during the first few nanoseconds after the initiation of the explosion. The calculation results allow the conclusion that the crater formation times and sizes for RF vacuum breakdowns are consistent not only with those for dc vacuum breakdowns but also with the results of the simulations of the crater formation in vacuum arcs [20] - [22] in which purely hydrodynamic problems were solved for the molten metal expelled from the cathode spot region. This is not surprising in view of the common crater formation mechanism that involves the action of a high pressure and the existence of a dense hot (several electron-volts) plasma at the metal-plasma interface. The result we have obtained is further proof that explosive electron emission is the underlying mechanism of the physical processes occurring both in a vacuum breakdown and in a vacuum arc cathode spot.
V. CONCLUSION
Thus, it has been demonstrated that the explosive emission processes occurring on electrodes exposed to a constant and a high-frequency electric field follow the same pattern. The specific current action integral for an exploding cathode microprotrusion, which characterizes the Joule energy input in the microprotrusion at the time of the explosion, is nearly the same for a dc and an RF vacuum breakdown. In both the cases, cathode microcraters are formed due to the interaction of the dense cathode plasma produced by the explosion with the cathode surface. The results obtained count in favor of the supposition that the vacuum breakdown of an electrode gap exposed to an RF electromagnetic field is initiated by the explosive emission mechanism.
In the case of an RF breakdown in vacuum, part of the electromagnetic energy goes into heating of microprotrusions present on the electrode surfaces, initiation of explosive electron emission, and formation of a dense near-electrode plasma. This gives rise to the missing power (missing energy) effect for the incident electromagnetic wave. The action of the plasma formed due to the explosion of microprotrusions on the electrode surface results in its melting, expulsion of the melt, and formation of microcraters.
Of methodical interest, in our opinion, is the fact, established by the numerical experiment performed in the context of this study, that for short explosion delay times, the specific action integral has close values for exploding microprotrusions and for exploding thin wires. The reason for the larger difference in these values at longer explosion delay times is the shunting discharge that occurs along the surface of an exploding wire.
